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FOREWORD

The Subcommlttee on Radlochemlstry is one of a number of
subcommlttees working under the Commlttee on Nuclear Sclence
wlthin the Natlonal Academy of Sclences - Natlonal Research
Councill. Its members represent government, industrial, and
unlversity laboratorles In the areas of nuclear chemistry and
analytlical chemlstry,

fhe Subccmmittee has concerned ltself wlth those areas of
nuclear sclence which involve the chemigt, such as the collec-
tlon and distributlon of radiochemlcel procedures, the estab-
lishment of speclfications for radlochemlcally pure reagents,
avallabllity of cyclotron time for service 1rradlatlons, the
place of radiochemistry in the undergraduate college program,
ete.

This serles c¢f monographs has grown out of the need for
up-to-date compllations of radiochemical Information and pro-
cedures. The Subcommittee has endeavored to present a serles
which will be of maximum use to the working scientist and
which contains the latest availlable information. Each mono-
graph collects in one volume the pertinent informatlon required
for radlochemical work wilth an 1ndlvlidual element or a group of
closely related elements.

An expert In the radlochemlstry of the particular element
has written the monograph, following a standard format developed
by the Subcommittee. The Atomlc Energy Commlssion has sponsored
the prlnting of the seriles.

The Subcommlittee 1s confldent these publicatlions wlll be
useful not only to the radlochemlst but also to the research
worker in other flelds such as physics, bilochemlstry or medicine
who wishes to use radiochemlcal techniques to sclve a specific
problem.

W. Wayne Melnke, Chalrman
Subcommlttee on Radlochemlstry
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INTRODUCTION

Thias volume which deals with the radlochemistry of sulfur
is one of a serles of monographs on radlochemistry of the
elements. There 1s included a review of the nuclear and cheémil-
cal features of partliculer interest to the radlochemist, a
dlscussion of problems of dissolution of a sample and counting-
techniques, and finally, & collectlion of radlochemlcal proce-
dures for the element as found 1n the literature. ' ’

The serles of monographs will cover all elements for which
radlochemléal procedures are pertinent. . Plans lnclude revisilon
of the monograph perlodically as new technlques and procedures
warrant. The reader 1s therefore encouraged to call to the
ettentlon of the author any published or unpublished materlel on
the radiochemistry of sulfur which might be included 1n a re-
vised verslon of the monograph.

iv
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The Radiochemistry of Sulfur

G. W. LEDDICOTTE
Oak Ridge National Laboratory*
Oak Ridge, Tennessee

1. GENERAL REFERE!NCES ON THE INORGANIC AND ARALYTICAL CHEMISTRY OF SULFIR

Remy, H., Treatise on Inorganic Chemistry, Volume I, p. 698-7k1,
Elsevier, Amsterdam, 1956.

Kleinberg, J., Argersinger, W. J., Jr., and Griswold, E., Inorganic
Chemistry, p. 434-L55, Heath, Boston (1960).

Fairlie, A, M., Sulfuric Acld Manufacture, Reinhold, New York, (1936).

Latimer, W. M., and Hildebrand, J. H., Reference Book of Inorganic
Chemistry, 3rd Edition, MacMillan, New York (1951).

II. RADICACTIVE NUCLIDES OF SULFUR
The radiocactive nuelides of sulfur that are of interest in the radio-
chemistry of sulfur are glven in Tsble I. This Teble has been complled
from information eppearing in reports by Strominger, et al,(l) and by
‘Hughes and Harvey. (2)
TABIE I

THE RADIOACTIVE NUCLIDES OF SULFUR

Radio- Halt- Mode of . Energy of
Nuclide life Decay Radiation, Mev Produced By
g3t 3.28 gt [3+ L1 Si-g-1, P-p-n, B-y-n
g¥ 84 g g 0.167 S-n-y, S-d-p, Cl-n-p
Cl-d-c
g37 5.04 m g B 1.60, 4.7 8-n-y, Cl-n-p.
r 3.1
g8 2.87 h B g~ 1.1, 3.0 s35-t-p
7 1.8

*0Operated for U. 5. Atomic Energy Camnisslon by Union Carblde Corpormtion
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ITT. REVIEW OF THE CHEMISTRY OF SULFUR
Sulfur composes about 0.05 percent of the earth's crust and gxists
mainly in the free state and as either sulfides or sulfates. The most

abundant metal sulfldes are P_ir_iie_, FeSe, chalcopyrite, CuFeSE, galena,
PbS, and zinc blende, ZnS. The more important sulfate compounds are

gypeun, CaSOh-ZHZO, epsom salt and kieserite, Mgsoh_, barytes, BaSOh,

celestine, Srsoh_, and glauberite, Na.ZSOl‘_.

Elemental sulfur is chiefly obtained by an extraction process which

consists of melting and subliming it from the materials that contain it

in the elementary sta.te.(a)

1. Elemental Sulfur

SuJiu:r_ can exist in several modifications and many investigations
have been carrled out in an attempt to gxplain the various forms of sulfur.
A very excellent general report on these investigations and the properties
of sulfur can 'be. obtained from Remy. (3) _ ‘

' The stable form of sulfur et ordinary temperature is rhombic sujfur.

It 1s yellow in color end its electrical and thermal conductivities are
extremely small. It wlll not dissolve in water and it is partislly soluble
in ben¢ene, alcohol, ether, and other organic solvents. It is soluble in
carbon disulfide, and as the solution stgnd.s, the sulfur wlll recrystallize.
At temperatures above 110°, rhombic sulfur will uelt to form a yellow, mobile
liquid. Following a process of partial solidification in which the liquid
sulfur is poured off, the residue 1s found to be composed of almost colorless,
needle-ghaped crystals of the monoclinic form of sulfur. This form of sulfur
is unstable and after a time will be tramsformed to rhombic sulfur. Ancther
modification, also monoclinic, can be cbtained in the form of yellow-whits
leaflets by rapidly cooling saturated solutions of sulfur in beﬁme, turpen-
tine, or alcohol or by allowing emmonium polysulfide solutions to stand in
alr. This modification is unsteble at all temperatures.

Molten sulfur vhen strongly heated undergoes a number of physical
changes. At temperatures above 1600, it is brown in color and 1ts viscosity
increases as the temperature rilseas. When heated above 2000\, it is dark

brown end has & resinous viscosity. This viscosity diminishes when the tem-



perature is reised to 2500, and it becomes a mobile liquid at l+00°. Sulfur

bolle at & temperature of Ulk.6°.

2. Compounds of Sulfur

Sulfur is a very reactlve element, and 1t remelns gqulte reactive even
at elevated temi)era‘bu.fes. It can form compounde having oxidation states of
-2 (the sulfides), +2 (the thiosulfetes and pentathionetes),.+3 (the hypo-
su.'lii‘l:e..‘s), o (the sulfites), +5 (the dithionates), and +6 (the suifates).(*)
Sulfur also exhibits an oxidetion state. of +i (aé'weu es +2, +4, +5, and +6)
with the halogens. | '

In mosat .of -:.Lts reactions wilth the elements, sulfur resembles oiygen. ‘It
wlll conmbine dj.rec'blly with elmost all of the elements, and it exhibits a
strong exothermic reaction in its combinaetion with the metals. In a notable
exceptlon to 1ts resemblence to o:qrgeﬁ, sulfur will cambine directly with all
of the halogens, except iodine. It will burn in ailr to produce dioxides but

Table IT. B_oluhﬂity of Sulfur Compounds
Water Solubllity

Campound Formula Cold Hot Other Bolvents
Bromide HZB:I.'2 Decomposes Decamposes 8oluble in 032
Chlorides 52c12 Decomposes Decaxposes Soluble in 082, ether and
Lo benzene
ec1, . Decomposen ' 'Decomposes : ' Decomposes in alcohol and
ether; soluble in benzeme
and .CClh
561,\‘ Decomposes Decomposes
Fluorldes le'z' ) Decamposes Deccnpcnes Decomposes on KOH
S!‘h Decomrpoess Decamposes o .
8F1, ’ ’ : "~ Decamposss in Fused caustic
5'6 - Very slightly Blightly Soluble in KOH;. slightly
soluble soluble solubla in aleohol
Bitrides 3,5, - Insoluble ' Soluble in Etbar) slightly
soluble in alcohol and 082
Bh'h Decomposes Boluble in C8;, benzems

chlurotfo:m,lm3; slightly
soluble in alcohol and ether

Cxides 80 Dacamposes

3203 I_Jaccqpoaes Decamposes Soluble in fuming stoh
89, 2.8 0.58% Soluble in mlechol, HpS0p
and acetic acid
soa Dacomposes Dascomposes Flrme fuming 5250h
(803)2 Decoaposes Decazposes .
5207 Decomposes Decamposes - : Soluble in nasoh
soh Boluble Decampoges in dilute Ezﬂoh
decamposes
Qxy-Saltsa szoclh Decomposes Decomposes Decamposes violently with alcchol

seo3c:|.h . Decomposes Dacomposes Decamposes in aleohol



will not cambine directly with nitrogen. It wlll form hamopulyatomic anions
by direct combination with the appropriate anion. Sulfur will dissolve in
concentrated nitrie acid and will react wilth concentrated alkeld solutions.

‘Table IT ]J.nlsta many of the sulfur compounds and glves general information
oﬁ the solubility of each of the compounds tabul;ted. More specific informa-
tlon on the reactions of sulfur and 1ts compou.nd formations follows:

a. 0Oxide, Oxyacid, and Oxyhslide Compounds of Sulfur. Sulfur can

combine w:l.th oxygen to form the binary compounds of sulfur dioxide, 502 )

and sulfur trimd.d.e, S0 Other normal axides of sulfur are disulfur

3°
trioxide, 8203?_ and sulfur monoxide, S0. Two peroxides, sulfur. heptoxide,

8207, and spulfur tetroxide, SO,_I_, can also be formed by reactions involving

sulfur and oxygen.

Sulfur dioxide, '302, can also be formed either by burning sulfur in
alr or by heating sulfides in air or oxygen, or by reducing hot concentrated
sulfuric aclid u:l.th copper, mercury, carbon, or sulfur. 302 1s e pungent
smelling gaB that will not burn or sﬁ:pport cambustion. It is very soluble
in water (70 volumes of S0, can be dtesolved in 1 volume of water at 0°).
When dissolved in water, the aqueous solutiop has a distinct acld reaction
in that it céntains the dlbasic acid, H2803, or sulfurous acid. HESO3 does
not exist in the free state because 1t readiiy breaks up into sulfur dioszid.e
and water. Thus, 50, is the anhyiride of sulfurous acid. The ealts derived
from H,S80, are the acld sulfites, MJ'ESOS, and the mormal sulfites, M,'S0, .
The sulfites_a.re usually prepared elther by dissolving the corresponding
metal in agueous 52303 or by saturating solutions of metallic hydroxides or
carbonates with sulfur dioxide.

The acid sulfites (or bisulfites) can be decomposed by strong acids 3
SO2 gas 1s liberated during thie process. They a.re very solubié in water.
The normal sulfites also can be decamposed by e strong acid to liberate 50,
All of thelhonnl sulfites, except the alkall a.nd ammonium sulfites, are onmly
slightly soluble in water but will dissolve completely in aqueous 32503. The
sulfite compounds can be easily ox:‘l:dized. in an oxygen atmosphere to sulfetes;
thiosulfates M23203, can be prepared by adding powdered sulfur to bolling

alkell sulfite solutions. The sulfites can easily be reduced to dithionites,



M,8,0,, by sdiing zinc dust to their solutions. If dry sulfite salts
are heated in the presence of carbon, zine, or other metals, they are
reduced to sulfides. If the dry salts are reacted with phosphorous

oxychloride, thionyl chloride, BO(:L2, is formed. Blvalent heavy metn.ll

sulfites have a tendency to form complex compounds, such as the sulfito-
sslte, |

Thiosulfates of the alkall matals, e.g., N328203, can also be formed
by the action of iodine on mixed solutions of the alkali sulfides and
alkali sulfites. m28203, which finds mich use ln analytical determina-
tions by lodametry, can also be easily formed by the oxidation of sodium
polysulfide, Ih285, in an oxygen atmosphere. All of the thlosulfates,
except those of lead, silver, thallium (I), and barium, are very scluble
in wmter. The.heavy metal thiosulfates will form trithiosulfato complex
ions, e.g., @5(5203)3]5', when they are dissolved in sodium thicsulfate
solutions. The thiosulfaters are decamposed by acids with the evolution
of 802 and the deposition of free sulfur. If the reaction occurs in an

aqueous solution, the depositlion of sulfur 1s slow and it ie assumed that

thiosulfuric acid, 328203, is first formed. Since 328203 is highly unstable,
1t will exist for only a short time and ultimately 802 will be evolved and
sulfur deposited. 1'[25203 has naver been 1sclated, but it 1s possible to
prepare neutral thiosulfate salts by replacing the hydrogen atoms of the
acid with metal lons.

Bulfur trioxidse, 803, evolved as part of the gaseous mixture obtalned
by roasting pyrite or other sulfide ores, 1s formed when the gas 15 passed
over a heated catalyst, such as vanadium oxlde, and becomes the base material
for the production of sulfurlc acld, EZSO,_I_. Small emounts of 80, can be

3
prepared by heating elther fuming sulfuric gcid., or sodlum pyrosulfate,

35232 , or other pyrosulfates and collecting it in a sultable container.

803 will condense on cooling into a colorless, trmpargnt mass wvhich fumes

in air. Sulfur triaxide melts at 16.9° and boils at 44.8°, It absorbs

water rapidly, combining with it to form sulfuric acid HESO,*_. Explosive
reactions can occur when water is allowed to drop on to sulfur trioxide since

803 can abstract constitutively bound water from meny substances; e.g., it



has the ability to char organic materials such as cellulose.

Sulfuric acid 1s manufactured lndustrially by the Contact P::'ocesﬂ.(5 )
This process furnishes not only 98% sulfuric acid (sp. g. 1.841) but slao
fuming sulfurie acid (oleum). Fuming aulf“uric acid contains an excess of
dissolved suliﬁ trioxide. Pure concentrated HESO,_‘_ is & colorless, oily,
viscous liquid. .It has a greet affinlty Ffor water. Extreme caution must

be excerised when diluting HEBO)_I_ wlth water because a considerable amount

of heat (20.42 keal. per mol of H,S0, &t 20°) is liberated. Thus, sulfuric
acid must alweys be poured into water in small amounts; water should never

be poured into sulfurie acid. H250lL can ebsorb water vepor from the air,

and it 1s frequently used as a drylng agent. It ca.ﬁ be used as e dehydrating
agent in chemlecal reactions. It will char many organic compounds by abstrac-
ting water -from them. . When heated it willl undergo an oxidizing action to be
converted into sulfurous acid, H2503. ‘Metals and other elements, such as
carbon, are readily _oxidized by concentrated Hasoh and sulfur dio-

xide is ldberated during the oxidation process. Dilute sulfurie acld will
only dissolve those metals above hydrogen in the electromotive series. Fuming-
sulfuric acld is a much better dehydrating and o:cldd.zin_g agent than sulfuric
acid.

Sulfuric acid is a dibasic strong acid, end the salts derived from it
are the ecid, or hydrogen, sulfates, M‘E[SO,_I_, ahd the normal, or neutral, sul-
ﬁ,_tés, M,S0,. Sulfates may be prepared in a number of wa.ys,(G) i.e., (1) by
dissolving metals in H,80 ; (2) by neutralizing S0, with metal oxides or
hydroxides; (3) by decomposing the salts of volatile acide with stoh-’- (4}

'by_ double decamposition between a sulfate and a salt of the metal from which -
the sulfate is required; and (5) by the oxidation of éulfites or sulfides.’
The alkall metals sre the only elements that form acid sulfates. These salts
are produced elther es a result of a crystallization ﬁrocess\-'ﬁ'.cm normae]
sulfate solutions treated with excess HESOLI_, or by decomposing the alkanli
salts of other acids with sulfuric acid at a moderately high temperature. -
The acid sulfates are water soluble. They can be fused a.mi when heated. above
their melting points will form pyrosulfates, Mzszo,{." At higher temperatures,

the pyrosulfates will decampose in‘bo'nnml sulfates and SO_. - The normel

3°
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sulfates, except those for the alkaline earths, lead, and silve?_, are very
soluble in water and can form crystalline hydrate compounds when the water is
removed. The normel sulfates also form double, or sulfato, salts; polysulfates,
1'1253010 , can be produced by treating normal sulfates wilth sulfur trioxide.
Disulfur trioxide, 8203, a blue crystalline crust, can be formed by the

actlion of sulfur on completely anhydrous sultur trioxide. 8203 wlll dissolve

only in fuming sulfuric acid and elthough 1ts composition suggests that it is
the anhydride of dithionous acid, .Heszou, no chemical relationship with this

acid or its salts has yet been esta'blished.(7) Sulfur monoxide, S0, is &

colorless gas and 1s formed by the ectlon of a glow discharge on soe.(7) It

will not react with oxygen at ordlnary temperatures but will produce.hydrogen

sulfide, HES, and sulfurous acid, HESO3, when 1t is reacted with water,

Sulfur heptoxide, 8207, can be cbtained by the action of an electric
(8)

discharge on e sulfur dioxlde-oxygen mixture. It is formed es oily
drops, which solidify at Oo. It can be decomposed with the evolution of
oxygen In the presence of water. If the evolution of oxygen is prevented,

the hydrolysie of the compound will give peroxydisulfuric acld. Sulfur

tetroxide, SO,_I_, i1s also obteined as a white solid by the action of the

electric discharge on a 502-02 mjxture.(s) - It can be dissolved in anhydrous

sulfuric acld; 1t decomposes in water, glving off oxygen. SOh is & strong
oxidizing agent and can be used to comvert mangmnese (II) salts to permanga-
nates and cuprg.j:es (IT) to cuprates (ITI). 50, does not have the character-
1stics of an ecid enhydride. ) Two peroxyacids are derived from 5,0,-

and peroxydlsulfuric acid,
(10)

These peroxyaclds, peroxymonosulfuric acid, 112305,

1125208,_ are hydrogen peroxlde derivatives of sulfurlc aecid, HESO)_‘_.

In addition to the peroxymcids end thiosulfurilc acild, H28203, several

other oxyacids and oxyscld salts of sulfur are lmown.(ll)

No lkmown sulfur
oxide compounds are known that correspond to the anhydrides of these acids. -

These other oxy aclds can be categorized as belng polythionic acid, EE-SXO's,

(vhere x = 3, 4, 5, or 6) and dilthionic acid, H28206.' The respective salts

of these acids are the polythionates, dithionates, dithionites (or hyposul-

fites) and sulfoxylates. Of these salts, Nazseoh_, godiym dithionite, is




probably the most used in a laboratory; it ie used as an absorbent for oxygen
in gas analysils.

Sulfur can f&rm oxyhalide compounds of the types 80X, and 80X,. Known
respectively as the thionyl halides, or sulfur (IV) oxyhalides, 80X, they
are ususlly prepared by halogen exchange reactions with sulfur d:l.o:cu_ié, e.g.,

the reaction between phosphorus and 30, to produce SO(}‘l2 The’ sulfuryl halides,

2

or sulfur (VI) o:qrhalidea, 802)(2, are prepared in a number of ways. 3021“ )

sulfuryl fluoride, is obtalned by the decomposition of barium fluorosulfonate,

Ba(SO3F)2,' S0, C12, sulfuryl chloride, 1s prepared by the direct combination

2

of 502 and chlorine in the presence of a catalyst; SO0.FCl, a mixed halide,

2
is formed by the halogen exchange reactior_t between 802C12 and antimony
fluoride, S'bF3.
Thionyl halides are more reactive than the selenyl halide compounds of
selenium. They are thermally unstable and when heated will decompose to yield
SOZ, S2 o They can be hydrolyzed

by water to form 802, or sulfurous acid, and the helogen scid, e.g., HCI.

free halogen, and a lower halide, e.g., C1,

Sulfuryl halides exhibit varied characteristics. 80er is less reactive
than SOF2. It w111 not react with water but is attacked by strong bases.

The hydroxide lons react slowly to form fluoride and fluosulfonate ions.
Ammonia will decampose sulfuryl compounds to glve sulfamide, 802(M2)2, and
related compounds. Sulfuryl chloride, 802012, is less_sta'ble than SOZFE; 1t
. can be completely hydrolyzed to glve HESOM- and HCl. Thionyl and sulfuryl

compounds of iodine and sulfuryl compounds of bromine have not as yet been

characterized.

b. Halogen Compounds of Sulfur. Sulfur cen be combined directly with
(12)

fluorine to form the compounds Sze, SF2, SFh’ stlo’ and SFS’ and with

chlorine the compounds 52C12, SCLa, and SClh_. It will form only one compound
of bromine, SaBrE, which is very unstable. No lodine campounds of sulfur
have ever been 1solated.

Sulfur monochloride, 52012, 1s an orange colored liquid and when heated

above 3000, wlll decempose into S, and Cl, and wlll be decomposed by water to

2 2

form free sulfur, H_S, sulfite and thiosulfate ions. Sulfur dichloride, 5012, '

2
1s a s0lid and can be readily hydrolyzed with water to form sulfur, EES’ sulfite

8



end thiosulfate ions. Sulfur hexafluoride, SF6, shows that sulfur can

be hexavalent. It is a colorlees, odorless gas that 1s more soluble in

alcohol then in water. It willl not burn but can be decomposed by hydrogen

sulflde when heated. Disulfur decafluorilde, SaFlo, 1s obtelned as & by-
product when SF6 1s prepared. It has the same chemicel properties as SF6.
A}l or the known tetrahalide eompounds, I.e., SF),, SCl), are thermally
unsteble. They will rea.d:l with water to give 302, or 11:2303, and the halide
acids.

c. Miecellaneous Reactlons of Sulfur

1. Hydrogen Sulfide. Sulfur can react directly with hydrogen

to produce hyd:ogén sulfide, HQS. However, since the yleld of this reactlon
is very poor, hydrogen sulfide is generally prepared by the action of acilds

on metal sulfides, such as FeS, or by the hydrolysis of more reactive metal

sulfides, partlcularly LS,

Hydrogen sulfide is a colorless gas which can be condensed to a color-
less liguid at -60.L°. It is a very toxlc gas and rigld precautions mist
‘be followed as 1t is being used. H28 1s moderately soluble in water, and
1te squeous solutlons are slightly acid. It 1s = strong reducing agent,

and 1t will react with HNO, to produce sulfur. It also reacte with S0,

3 2’
the presence of molsture, to produce free sulfur. It can burn readily in

in

air or oxygen to form 802'.

HZS will react with the more active metals, such as sodium, to produce
sulfides. It also reacts readily with other metals in eilther acid or
alkaline solution to produce metallic sulfides that are only sparingly
soluble. This particular characteristic makes Hes a useable rea.geﬁt in
most qualitative analysis methods-

2. Carbon Disulfide. Sulfur can react with red hot carbon to

produce carbon disulfide, CSz.

It willl volatilize at 1!-60 and freeze at -1120. CS2 is highly inflammable,

Carbon disulfide is a colorless liqudd.

burning readily in air.

It is immiscible with water at room temperature, but 1t readily reacts
with steam at Loo°. CS, will not react with the halogens et low temperatures;
at high temperatures, the reactlons can be vigorous and a variety of products



produced. Alkalis will slowly attack it to produce HZS'and alkali metal
carbonates.

3. Sulfur Tetranitride. Sulfur and nitrogen will not react dir-

ectly; however, the binary sulfur nitrogen compound, snlfur tetranitride,

NLSH, can be readily formed by passing ammonis into & solution of sulfur
monochloride in bénzene.(l3) N,S), 15 a yellow solid at room temperature,
and 1t will melt at 1780. It is not very soluble in water and hydrolyzes
very slowly when brought into contact with water. Rapld hydrolysis occurs
when 1t is heated with elkeld solutions. Nhsh reacts with the halogens to

form compounds in which sulfur has a higher oxidation state, e.g., SHNHCIH'

IV, THE ANALYTICAL CHEMISTRY OF SULFUR
Fany analyses for sulfur are usually completed by gravimetric precipi-

tations elther of the sulfide, sulfite, sulfate, or thlosulfate ioms or as

(1k)

free sulfur. The sulfide lons may be determined either as silver sulfide,

arsenic (III) aulfiae, lead sulfide, mercuric sulfide, or cupric sulfide.(ls)
The sulfite precipltatlons almost always are completed by oxldizing the

sulfite ions to sulfate lons and precipiteting as barium sulfate and

(1%)

welghing; however, calcium sulfite cen be precipitated quantitatively

(16,17)

from an agueous-alcoholic solution. The sulfate ions mey be

determined as berium sulfete,(le) sodium sulfate,(lg) ammonium sulfate,(zo)

(21) (22,23)

hexemminocobalt (III) bromide sulfate, or benzidine sulfate.

Also, strychnine chloride has been used to preclpitate the peroxydisulfate
(21)
compound, CyyHyn0pN, B8O, -

and the free sulfur collected and weighed.(15’25) The thiosulfate jons

The thiosulfate lons may be decomposed
maey also elther be heated with Hg(CN)2 and the sulfur preciéiteted as Hgs(26)
or treated with silver nitrate to produce silver sulfide.(25’27) Sulfur may
also be determined as free sulfur following an extraction with carbon
dlsulfide. (28)

The gravimetric method of precipitating the sulfate ions with a 5%
solutlon of barium chloride is the method most frequently used. (29) However,

(30-35)

several investigations concerned with the conditions of precipiteting

BaSOh and 1ts properties have shown that this gravimetric method is not an
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exact method for determining sulfur. For ekample, the precipltate ie most
frequently impure because of 1ts adsorption of such impurities as nitrates,
fluoeilicates, selenates, fluorides, chromates, molybdates, and tungstates.
Also, the presence of large amou.ﬁts of Cr+6 ions cen complex the sulfate
sufficlently to prevent complete precipitatioz_z of Ba.SOh. In addition, the
barium sulfate also shows varied degrees of solubllity depending upon the
acidity of the solution used for the preciplteting conditions.

The ease with"which sulfur is seperated from other elements is depen-
dent upon the form in which it occurs, l.e., sulfate, sulfide, thiosulfate,
ete. Iron, chromium, nickel, magnesium, barium, strontium, lead, copper,
molybdenum, and the other elements of the hydrogen sulfide group are the chief
interfering elements. The followlng information generally describes separation
meth;)d.s that have been used in separating and isolating sulfur from such
elements a8 these before 1ts gravimetric preclpitation as one of the forms

given above.

1. Separations By Precipitation

The interferences - chramates, molybdetes, tungstates, selenates,
fluosilicates, and fluorides - ususlly encountered in the Basoh_ preciplta-

(14)

tion method can be removed in a number of ways.(ao'35) For example,

the Cr+6 ions can be reduced with zinc and an acetate solution .added to
complex the Cr+3 lons; selenates can be_reduced by bolling the precipltate
in concentrated hydrochloric acid, and fluoslilicate ions cen be removed by
bolling in an ammonical solution. Fluoride ilons can be complexed with
boric acid. A preciplitation of Basoh in the presence of ethylenedlamine-
tefracet:l.c acld also essists in eliminating most of these j_nterferences.(36)
Iron and other elements can be separated from sulfate ions by & double
precipitation vith ammonium hydroxide from a hydrochloric acid solution.(2936)
Molybdenum can also be separated In a similar manner. (37) Magneslum apd the
alksline earths can be separated by & fuslon with sodium carbonate and
extracting the melt with water. (29) The elemente of the hydrogen sulfide
group can be removed by saturating a dilute hydrochloric ecld solution with
6. (29)

11



If the sulfur appears @ sulfide ions, separations can be made by attac- _
king the sample materiasl with a strong acld to liberate HES.(BB) The
hydrogen sulfide can be trapped in zinc or cadmium acetate and precipitated
‘either as zinc or cadmium sulfide. This method is selective for releesing
sulfide jons from numeroﬁs anlons, The low-solubllity sulfides can be elther
oxidized to sulfate 1qns by hot concentrated H.N03, or by boiling concentrated
HClOu,or by fusions with Nazoe or NachB-Na.NOB.(?’g) Soluble sulfides
can be oxidized by hydrogen peroxide in ammonical’ soluti‘on.(39) The
sulfides can also be oxidized by heating in a stream of oxygen or air
and the liberated SO2 collected in hydrogen peroxide. (ko) Usually
the sulfete lons obtained from these oxidations are determined gravi-
metrically by a precipitation as Ba.SOl‘_. Similer techniques have been

used in determining sulfur aes the sulfite ions(ul’he)

or as the thio-
sulfete :I.ons.(39)

2, Separations By Volatility

Sulfur, contained in steels and sj:u;l.lar materials usuall.y ag sulfide
ions, 18 most often determined by an evolution method in which a treatment
of the sample material with acid and heating will liberate hydrogen sul-
fid.e.(29’ 43) The HES 18 adsorbed in ammoniacal solution of cedmium chloride
and then oxidized to sulfate loms. Sulfur contalned as sulfate ions in
metals have also been é.etermined by a system involving the volatility of

(4k)

hydrogen sulfide. The metal wes dissolved in HC1-HNO_ end the sulfate

3
ions reduced to sulfide ions with HI  and distilled as HZS' Of some con-
cern in these investigations have been the partial oxidation of hydrogen
sulfide by elther higher oxides or some physical phenomena..(eg) In one

stugy ()

to prevent the oxidation of hydrogen sulfide.

stannous chloride has been used in the sample dissolution method

A reducing mixture of phosphoric acid and 10-20% Sn012-2H20 has also
been used in a hydrogen sulfide evolution method to determine sulfur as a.
methylene blue complex. (46,47) This particular technique has been extended
to the determination of 535 - (88 4) either for radiocactivity measurements or
as pa_rt of an investigation of sulfur-35 in neutron-irrediated metals, soils )

(48)

water, and blologicael materials. Selenlum, the halogens, and the hydrogen

12



compounds of other elements that boil below 300° C can interfere in analyses

by these techniques.

3. Separations By Electrolysis

Sulfur can not be e]_.ectrolybica.lly deposited on a cathode; However, en
electrolysis of a dilute acld solution by means of e mercury cathode has been
use§ to collect and separate iron, copper, chromium, molybdenum, and nickel
from sulfur prior to its pr_ecipita.tion as barium sulfa.te.(h'9) The electrolysis
was carrled out at 0.8 to 1.0 ampere for 5 to 6 hours.

4, Separations By Solvent Extraction

No direect solvent extraction methods appear to exiet for the determination
of sulfur in any of its forms. However, a mixture containing 90 parts of éthyl
alcohol, 10 parts of methyl alcohol, and 1 part of stoh_-ha.s been u.s.ed to
separate MgS0, from Ca.SOh.(SO) More than 0.46 gram of MgS0,, but less than 0.1

. gram of CaSOh, 1s soluble in this system. 8Simllarly, a very efficlent &nd sim~
ple extraction of neutmn—irra.diated. ferric chloride dissolved in concentrated
HC1l with lsopropyl ether has been used by Wi]_k(sl) to produce carrier-free
S35

tracer.

5. Chromatographic Separations

a. By Inorganic Adsorbents. A chromatographic separation involving an

slumine column has been used to determine sulfur in iron and steel.(52 ) The
column retains the sulfuric acid while all the interferring ions pass through
" the column or are removed by washing, after which the sulfuric acld 1s isolated

and determined.

b. By Ton Exchange Resins. The anion exchange resin, Amberlite tRA:h—OO , in
the chloride form and elutions with 0.1 M HCl have been used by several investigators
to separate radiocactive g3 (88 4) as a carrier-free epecies from neutron-irra-
dlated KCl.(53' 56) Cation exchengers have been used to -separate sulfate

ions from accampanyling cations.(BT’sa)

c. By Paper Chromatography. The movement rate of soh“ ione on e

paper chromatogrem hgs been studied using solvents contaeining 'buta.nol—HCl(59)

(€0) vhereas, sulfide ions have been investigated

(61) (62)

or butanol—py'ridine-NHhOH H

using either n-butanol-ethanol-water mixture
(60) (62)

or butanol -N‘HLI_OE .

Sulfites, thiocsulfates, and polybhions.tes(63) have elso been

13



separated by paper chromatographic techniques. Sulfates have been separmted
from phosphstes by use of buta.nol—_Ii-HCl solventsx(6h') Sulfur-35 hes also
been determined in neutron-irradieted compounds by a paper chromatography

method. (65 )-

V. DISSOLUTION OF SAMPLES CONTAINING SULFUR

Many different methods have been used to d.ecompose'ma.teria.ls containing
pulfur because of the form In which the sulfur is present in the zﬁaterial. (29)
For exemple, metals and alloys are usually put into solufion by ecid mixtures.
" One gpecial procedure used in analyzing sulfur :Ln steel consists of the
1gnit1§n of the steel in an oxygen atmosﬁhem at temperatures above 1400° and

(ko)

absorbing the sulfur axides in hydrogen peraxide. Ores, consisting

mainly of sulfides, can be decomposed by a mixture of 3 parts of HNO_, and

3
(14,66)
Fuming nitric acid apd heating in s sealed tube to

1 part of HCL.
125° hes also been used to decompose sulfide-containing ma.teria.la.(67) Sodium
peroxide fusibns(sa_) and fusions wlith sodium carbonate and sodium nitrate have
also been used to decompose oreés and minerals. Combustions in & Parr bomb
in the presence of_sodixm peroxide are used to destroy organic materials for
a sulfur de‘bemination.(sg)

Any one of these methods can he adapted for use in a radiochemical
m for radiosulfur. The addition of sulfur carrier to the mixture before

a decomposition 'is mede will assist in the exchange of the various sulfur

specles in the sample material being analyzed.

VI. GSAFETY PRACTICES

Most chemilcal specles exhibit some degree of toxlcity. Pieters
and Creyghtonts ma.nual(70) 1s one of several ;‘ecen‘b manuals that report
on the safe-handling of nonradiocactive elemental compounds. Such a
manuel as this should be consulted before any analysis 1s undertaken.
Once a material has been made radloactive, then the importance of gafe-
handling practices 1s increased. Any discharge of radiocactivity into
a laboratory area by explosion or spilling can be hazardous to persomnel
and can result in widespread contamination. Many sources of informa-

tion exist on practices to be followed in processing radioactive materlals

14



and should be consulted. Typical of these are the safety procedures gliven

T1)

in the Oak Ridge Ratiomal Ia.'boratory( and in the International Atomilc

Energy Agency's publlcation on the safe-handling of radioiso‘bopes.(72)

VII. COUNTING TECHNIQUES FOR THE RADIOACTIVE SULFUR ISOTOPE

Table I of this monograph shows the nuclear characterilstics of eech
of the known redloactlive isotopes §f sulfur. Their rediocactivities can
be measured by elther s‘ba.nﬁ.a.rd Gelger-Mueller, gamma scintillation, of
proportional counting technlques. (73-76)

Sulfur-35, 88 4, is most frequently determined in. sulfur rediochemistry.
Ite very weak beta rudiations of 0.167-Mev energy have most often been
determined by Geiger-Mueller or pl:oporbional beta countins.(73’ 75) More
recently, liquid scintillation counting has been used to determine 835 in
blological tlssues, flﬁid.s, and erbracts.(W) Balmer's s‘budies(ha) using
S35 have also been completed by liquid sclntillation counting.

Gamme. scintillation spectrometry has been used to complete radio-
activation a.na.lysea(78’79) of tface steble sulfur. In thls work, the
3.1-Mev gamma radiations from g37 (5.04 m) were measured directly and
quantities of sulfur as smell as 10 micrograms have been determined in
.a variety of sample materials bj,' thise method.(eo)

VIII. RADIOCHEMICAL PROCEDURES FOR THE SULFUR RADIONUCLIDES

Radiochemistry can generally be described ms beilng an anelysis tech-
nique used primarily either (l) to essiat in obtalning e pure radiomuclide
in eome form so that an &bsolute measurement of its radioactivity, radiation
energies and helf-life can be mede, or (2) to determine the amount of radio-
activity of e particular radicelement in e redionuclide mixture, or (3) to
complete a redioacfiva.tion analysis being used to determine the concentration
of a specific steble element in a particular sample materlal. In radio-
chemistry, the desired radionueclide may be isolated and separeted by elther

carrier or carrier-free methods.

Cé:rrier methods are used most frequently 1n radiochemistry. They
involve the addition of a small emount of inactive steble element to e solu-

tion of the irradieted materiel to serve as e cerrler of the radionuclide df
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that element through the separation method. Carrier-free separations are
used most often in those analyses that require that the radicelement be_
isolaeted in e manner capable of giving either no emount or e minimal amount
of stable element in the final form to be used in the radioectivity measure-
ments. B

In most lnstances, apalytical radiochemistry uses separations by such
methods as precipitation, solvent extraction, chrometography, volatilizatlon,
and/or electroanalysis. However, one mejor difference exists between carrier
radiochemistry and more conventional anelytical techniques in thet 1t 1s
not alweys necessary to recover completely the edded amount of carrier
element, since a radiochemical analysis is deslgned to assure that the
atoms of & redicactive element achleve an isotoplc state with the atoms
of the lnactive element and any losé of the radicactive specles 1s propor-
tional to the "loss" of carrier durlng the separation process. Colorimetric,
polarographic and similar anelysis techniques are seldom used In radio-
chemistry because -they do not separate the desired radionuclide from con~

teminants (elther rediocactive or stable) in the mixture being enalyzed.

Both carrier and carrler-free methods have been used to measure the

radicactivity of sulfur-35 either following 1ts isoletion as a tracer(51'58’65’81)

(82) _ (83)

or separate it from fission products or from sea water or in redio-
activetion enslyses methods used to determine trace stable sulﬂzr.(78’79)
The redicactivetion anaelysis method has been used to determine sulfur in

arsenie, (84,85) blologiceal meterials, (86) (&?85) (85.:87)

chromium, graphite,
megneaium, (88) orgenic materials, (89) aluminum phosphate, (85) nitro'benzene,(GS)
11tntun, (85 statniess steel, (85) niobium, (85) terephthelic acta,(85)

(85)

KOE-EF mixtures, nitrocellulose, (%) ceramtcs,(®?) zr ana We fluorides,(8)

gallium a.rsenid.e,(85) 1ndium a.rsenide,(BB) silicon,(85) nickel,(Bs) copper,(ss)
HI'(-BE) and asbestos.(BS)

The solvent extraction method suggested by Wilk(51) (described in
Procedure 1) is a good method for the preparation of carrler-free 855 from
metallic chloride targets. WiJ_k(El)' elso reports on & distillation method
and describes the apparatus used for the separation of g5 from neutron-

irredisted potassium end sodium chloride targets (described in Procedure 2).
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Jon-exchange methods for the preperation of carrier-free 835 have also been
suggested.(B}SB) However, 1n most instences, large amounts of the 835
were found to .abaorb- on the resin. Thus, none of these procedures are
included in this Section. The paper chromatography method mentibned else-
where ir thils monngraph(GS) 18 not included i1n the 1list of radiochemical
procedures that follow because of similar difficulties.

The carrler methods developed by most researchers involve the precipi-
tation of 877 with either barlum nitrate or benzidine chloride solutions.
These methods ere described in some detall in the other Procedures glven
in this Section. However, it should be noted theat the rediochemlcal proce-
dures employed by G-ib'bonﬂ,(BS) Tobiaes, et al,(86) Lvov and Na.umova.,(87)
Atchison and Beames,(ea) and Seeborg end I.ivingood(89) ere simllar to those
reported in Procedures 4, 5 and 6. For that reason details of these separa~
tion procedures are omitted from this Section.

In all instances, pertinent information about the type of targets,
length of irrediation, preperstion of resgents, radioactivity measurements,
etc., 18 gilven in order to assist other analysts in their evaluation of

each method.

FPROCEDURE 1
Procedure Used In: Preparation of radloactive tracers
Method: Solvent Extractilon
Element Separated: 835 (88 d)
Type Material Bambarded: Ferric Chloride
Type of Nuclear Bombardment: C€135(n,p)s3
Procedure By: Wilk(3L)
Separation Time: A few minoutes
Chemical Yield of Carrier: Carrler free
Decontamination: Radiochemicelly purity possible

Equipment Required: Apparatus described by author( 51)
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. PROCEDURE 1. (Cantinued)

Procedure:

1. Dissclve FeCly in a few milliliters of comc. HCL. Add 30% Hy0,
to axidize all of the iron to Fe'3. Adjust acldity with distilled water
to 6 M EC1.

2. Add 1/4 volume of isopropyl ether. Extract 557 from the soluticn by
shaking. (Note 1) Repeat isopropyl ethar dddition and extraction.

3. Btrip the ether phase(s) with distilled E,0. Aliquot vater phase
for 837 radicectivity messurement by G-M counting.

1. Ferric Chloride does not extract.

PROCEIURE 2
Procedure Used In: Preparution of radioactive tracers

Method: Distillation by use of hydrogen chlorids gas

Element, Separated: 837(88 a)

Type Material Bambarded: Sodium or Potessium chlorids

Type of Buclear Basbardment: C135(n,p)s35

Procedure By: wilk(3l)

Separation Time: A few mimrtes

Chemical Yield of Carrier: Carrier free _
Décontamimation: Radiochemically purity possible

Equipment Needed: Extraction spparatus dsscribed by aumthor{l)

Procedure:

1. PFlace the irrudisted chlorids campound in the salt flask of the
extraction apparstus (Bote 1).

2. Adjust the over flow through the apparatus, then connect the
HEC1 gas cylinder to the spparatus.
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PROCEDURE £ (Contlnued)

3. Collect the HCl gas (Note 2) in a flask (Note 3).

4. After extractlion has been finished, wash the water of the flask
with HC1.

5. Evaporate to small volume; aliquot solution for measurement of

535 by G-M counting.

Noten:
1. Bee WiJ.k's(sl) description of apparatus -
2, FNeCl and KCl1 are inscluble .

3. Cooling jJacket conteins brine cooled by dry ice.

PROCEDURE 3

Procedure Used In: Preparation of Radloactive tracers
Method: Precipitation
_ Element Separated: 835(88 a)
Type Material Bambarded: Fez_;z_'ic Chloride
Type of Nuclear Bombardment: C€135(n,p)s3>
Procedure By: Rudstam, et al.(81)
Separation Time: Short
Chemical Yield of Cerrier: Quantitative
Equipment Needed: Standerd
Procedure:

1. Dissolve ferric chloride target in a emall volume of conc. HCl.
AdJjust to 1 M H1 with d.‘Lstilled wa.‘ber.

2. Add 80y~ carrier solution (10 mgs 80,7 ).

3. Add, e few milliliters ‘of 13»;(1«?03)2 solution to precipitate Basoh
Centrifuge; discard the supernata.nt liquid.

k. Metalhesize by boi_'Ling in 10 ml of 5017 K2003 solution (Note 1).

Centrifuge discard ppt
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PROCEDURE 3 (Continued)

5. Make the supernatant liquid 1 M in HC1l and then add Ba(No3)2 to
reprecipitate Ba.SO)_L.

6. Wash the BaSQ), several times with water. Collect on a tared filter
paper. Weigh for chemical Yield.

T. Mount for counting on a G-M counter.

Notes

1. BaCO3 serves as a scavenger for other radicactivities.

PROCEDURE L

Procedure Used In: Separation of from Fission Products

Method: Precipitation

Element Separated: 8S3°(88 4)

Type Material Analyzed: Fission Product Solution

Type Nuclear Bombardment: 835 originated from either sulfur or chlorine

contamination of uranium fuel. Produced by Neutron
reactions: S3%(n,7)s35 or €135(n,p)s35

Procedure By: Henriques, et a.l.(82)
Separation Time: Not estimated by author
Chemical Yield of Carrier: Quantitative

Equipment Needed: Standard

Procedure:

1. Add S"2 to a.liqudt of the fission product solution. Oxidize
872 %o SO)_;2 by adding a few drops of Brp to the solution and heating. Then
add a few ml of conc. HCl and evaporate to near dryness.
2. Dissolve the‘ residue in a few milliliters of H20; then add Zr+3

carrier solution and 1 ml of HF. Precipitate the SO,;E ions from this

mixture by adding dropwise a 2% aq. solution of benzidine chloride (Note 1)
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PROCEDURE 4+ (Continued)

to precipltate benzidine sulfate. Centrifuge, discard the supernatant
liquid. _

3. Dissolve the benzidine sulfate precipitate in 1-2 ml of 6 M NaOH;
add Fe'> carrier to precipitate Fe(0H);- Centrifuge; discard the precipitate.
4. Transfer the supernatant liquid to an extraction flask, then add
an equal volume of 1§opmpyl ether to the flask., Extraect the benzidine by

shaking. Allow the phases to separate. Discard the orgenic phase.

5. BReutralize the aqueous phase with a few drops of HC1l and add
benzidine chloride to reprecipitate the Soh_"2 ions as benzidine sulfate.
Centrifuge; discard the supernatant 1iquid.

6. Wash the precipitate with water and ethanol.. Collect the precipitate
on & tared filter paper. Welgh to de'berm.tne chemical yleld.

T. Mount for counting. Measure the 835 radloactivity in a G-M counter.

Notes:
l.. Prepared by dissolving 5 grams of ‘benzidine hydrochloride in. 4O m1
of 1 M K1 and diluting with enocugh 50 per cent alcchol to make 250

milliliters of solution.

PROCEDURE 5 _
Procedure Used In: Separation of s3% from Flssion Product M:Lxhue in ses water
Method: Precipltation and dist_fl_'IJ.a.tion
Element Beparated: 835(88 d)

Type Material Analyzed: Sea water; Probable origin: s3l*(n,7)s35 or
: - c135(n,p)83> '

Procedute By: = Love and sem(83)
Separation Time: Short
Chemical Yield of Carrier: Quantitative

Equipment Needed: Apparatus described by a.uthor(83)
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PROCEDURE 5 (Continued)

Procedure:

1. To & 10-ml aliquot of sea water add 0.5 ml of conc. emmoniup
hyd.roxide' and 5 ml of HyOp. Boil; then cool and add enough distilled water
to make the volume 500 ml.

2. Add slowly 1 ml of conc. EC1 and 5ml of L' M barilm chloride -
solution to precipitate barium sulfate. -Fllter, collect the barium sulfate
pre'cipi'bate on filter paper circle. - .

3. Transfer the precipitate and the filter paper to. the .200-ml flask
of the reduction apparatus (Note 1). Add 50 ml of concentrated hydriodic acid
and reflux until all of the barium sulfaete dissolves. Absorb the H2EIga.s in

a second flask filled with 75 ml of 1 N NeOH. - ..

Hotes:

1. Autho::_s(83) describe apparatus used and its mode of operation
for this method.

L.. Expel the HpS from this flask by aaa.tng-eo-ﬂ of concentrated HC1
and collect with suction, the hydrégen sulfide gas in encther flesk which
contains 25 ml of conc. NHLOH and 60 ml of 30% H0,.

5. Trensfer the contents of this flask to a l-liter flaek containing
200 ml of distilled water. Boil to drive off excess ammonia and hydrogen
peroxide.

6. Cool, then add 0.5 ml of conc; BDl and 5 ml of 1 M barium chloride
to precipitate the barium sulfate. Digest. APter digestiod, filter the
mixture through e preweighed No.42 Whatman f:L'Lter paper circle.

T. Wash the precipitate twice with hot water, e'ﬁ:wl alcohol, and
acetone. Dry in an oven at 105°C; cooi in a desiccator, and weigh.

8. Mount paper and precipitate for counting on a low background beta

counter.
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PROCEDURE 6
Procedure Used In: Redioactivation analysis
Method of Separation: Precipitation
Element Separated: 839(88 a)

Type of Material Analyzed: Arsenic, chromiym, graphite, phospates and
_ other materials(B5) o

Type of Nuclear Bambardment: 83*(n,y)s3?

Procedure By: I.eddicotte(85) _

Chemical Yield of Carrier: At least 65%

Time of Separation: 2 hours _

Degree of Purification: Excellent (10° or greater) from most redlomiclides
Equipment Required: Standard

Procedure:

A. Irradiation of Bample Material

1. Irradiste known amounts of test (Note 1) and camparator (Note 2)
samples in a neutron flux of at leg.st 6.5 x 101-1 n/cm%sec for 1 week or
longer (Note 3). Prepare the test end comparator sample for the lrradiation
either by mpping‘ each specimen in alumimm foil or placling it in quertz
empoule. Liquid samples should be irradiated in polyethylene botiles
(Fote b). o

B. Preparation of Irradiated Materials for Analysis

I. The Comparator Semple
1. After the irradistion, quantitatively transfer the comparator

sample (Note 2) to & 50-ml volumetric flask. Dissolve the sample in e
amell, measured volume of 6 M HNO3; then dilute the solution to 50 ml with
water. Mix the solution well by carefully shaking it.

2. By means of s volumetiric pipet, pipet a 1.00-ml aliquot of it
into & 50-ml glass centrifuge tube. By means. of a volumetric pipet, add
to the same centrifuge tube, 2.00 ml.of e standard carrier solutlon of known
sulfur conceniration (Note 5). Also, add 1 ml each of holdback carriers
of barium, c_adm;m, cobalt, copper, iron, mangsnese, phosphorue, aodium,_
and zinc (Note 6). Dilute the solution to 20 ml with water, mix it well

end make the solution 0.3 M in HCl. Contimue with Part C below.
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PROCEDURE 6 (Continued)

IT. Bolid Test Sample

l. If the sample is a metal or alloy, quantitatively transfer the
1rradiated test portion from the quartz tube or a1m1m wrap to a 50-11_1.1
glass centrifuge tube, and then .add, by means of a vdmetﬁc pipet, to
the same centrifuge tube 2.00 ml of a standard carrier solution of known
sulfur concentration (Note 5). Also add 1 ml each of holdback carriers
of barium, cadmium, cobalt, copper, iron, manganese, phosphorus, sodium
and zinc (Note 6). To this mixture, add dropwise enough concemtrated
mineral acld to completely dissolve the pample (Note 7). Dilute the solution
to 20 ml with water, mix 1t well and make the solution 0.3 M in HCl. Contlnue
with Part C below.

| IIT. Iiquid Test Samples .
1. Pipet an aliquot of the irradiated portion into a 50-ml glass

centrifuge tube. By means of a valumetric pipet, add to the same centrifuge

tube 2.00 ml of a standard carrier solution of known sulfric concentration

(Note 5).

C. Radlochemical Separation c>f-535

1. oOxidize 872 to s’.oh'2 by adding a few drope of Br, to the solution
and heating. Then add a few ml of conc. HCL and evaporate to near drymess.

2. Dissolve the residue in & few milliliters of H,0; then add 7r
carrler solution and 1 ml of HF. Precipitate 't'.hxe'soh_'2 ions fram this
mixture by aedding dropwise a 2% aq., solution of benzidine chloride (Note 8)
to precipita.‘ﬁe benzidine eulfate. "Cen‘brii‘uge , discard the supernatant
liquid.

3. Dissolve the benzidine pulfate precipitate :L'n‘l-2 ml of 6 M NaOH;
add Fe+3 carrier to precipltate Fe(OH)3- Centrifuge; discard the precipi-
tate.

L. Tranefer the superpatant liquid to -en extraction flask, then add
an equal volume of laopropyl ether to the flask. Extract the benzidine
by shaking. Allow the phases to separate. Discard the orgenic phase.

5. Neutralize the aqueous phase with s few drops of FC1l end add benzi-
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PROCEDURE 6 (Continued)

dine chloride to reprecipitate the 304'2 ioms es benzidine sulfate. Centrifuge;
discard the supermatant ligquid.

6. Wesh the precipitate with water and ethanol. Collect the precipitate
on 8 tared filter paper. Weigh to determine chemical yield.

7. Mount for radloactivity measurements.

D. Measurement of 537 Redioactivity and Calculation
of Stable Sulfur Content of Test Sample

1. The 83° radioactivity in both the test and the camparator samples
is assayed by beta counting. Use a Geiger-Mueller counter for the beta
measurements.

2. Following the mdioactivits' measurements, correct the observed
835 radicactivity for decay, dilution volume(s), and the semple weights
(or volumes) of both the test and comparetor samples. A simple ratio of
these corrected radiocactivities becames a measurement of the amount of
stable sulfur in the test sample:

% 8 in Test Sample = Corrected 835 radiocactivity in Test Sample y 100.
Corrected S35 radicactivity in Comparator Sample

Notesa:

1. B8olid test samples should weigh fram 0.10 - 0.20 grsm; liquid
samples should have & volume of fram 5 - 25 milliliters.

2, Use 0.025 to 0.030 grams of spectmg:aphicguy pure ammonium sulfate.

3. The limits of meesurement for stable sulfur by this procedure is
1 x 1077 gram.

4. Irradiations of liquid, vegetation, or similar type sample materials
must be made in an air-cooled or water-cooled reactor irradiation facility.

5. Standardized to contain at lesst 10 milligrame of sulfur per
milliliter.

6. Solutions of the ions of other elements may also be added as
holdback carriers; conceﬁtra.tion equal to 5 milligrams of element per

milliliter.
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PROCEDURE 6 (Continued)

7. Solls, clays, and similar materials may require addition of HNOg or
f‘u.sion: _ ‘
8. Prepared by dissolving 5 grems of benzidine hydrochloride in 40 ml
of 1 M ECl and diluting with encugh 50 per cent alcohol to make 250 milliTiters:

of solution.
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